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Zr61Al7.5Ni10Cu17.5Si4 (ZrAlNiCuSi) thin film metallic glasses (TFMGs) can modify the surface of 304 stainless steel, and 
they are widely used in health care systems. We investigated modified surfaces with ZrAlNiCuSi TFMGs and their anti-
microbial effects on those five microbes which are the most common nosocomial infection pathogens. The transfor-
mation of ZrAlNiCuSi bulk metallic glass into TFMG was achieved by sputtering onto stainless steel. Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter baumannii and Candida albicans were then isolated. 
The microbes were sampled on ZrAlNiCuSi TFMGs, and this was compared with stainless steel plates. After microbe−
material interaction under humidity at room temperature for 3 hours, the specimens were attached to a Mueller-
Hinton agar plate (Gibco, Middleton, WI, USA) and incubated at 37.0ºC for 24, 48 and 96 hours. The areas of microbe 
growth were recorded by serial subtraction photography and then assessed using Image-Pro Plus software (Media 
Cybernetics, Bethesda, MD, USA). ZrAlNiCuSi TFMGs presented an amorphous rough surface and exhibited hydropho-
bic properties. ZrAlNiCuSi TFMGs suppressed E. coli growth on Mueller-Hinton plates for 96 hours, and there was no 
E. coli growth on blood agar plate enriched media and eosin-methylene blue agar selective media after 96 hours of incu-
bation. The five microbes tested on ZrAlNiCuSi TFMGs showed a decreased growth curve after 24 hours. After 24 hours, 
P. aeruginosa showed a slow growth curve and A. baumannii had a sharp growth curve with TFMG interaction. 
ZrAlNiCuSi TFMGs prolonged the lag phase of the microbes’ growth curve in S. aureus and C. albicans for 48 hours. 
ZrAlNiCuSi TFMGs were able to modify the surface of stainless steel, which was very hard and was found to have 
scratch adhesion abilities and smooth surface effects against five different microbes for at least 24 hours. This is the 
first description of microbe interactions with zirconium-based TFMGs. Further studies to investigate the mechanism 
of antimicrobial effects on ZrAlNiCuSi TFMGs are now required.
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Introduction
In health care, the most common pathogens caus-
ing outbreaks of infection are Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, 
Acinetobacter baumannii, and Candida albicans.1−3 
E. coli is the primary organism isolated from vari-
ous clinical specimens. It adapts to environmental 
challenges with exceptional alacrity.4 The preva-
lence of nasal S. aureus carriage is approximately 
20−25% but varies among different populations, and 
is influenced by age, underlying illness, race, certain 
behaviors, and the environment in which the person 
lives or works.5 The wearing of a clean gown and 
gloves for any physical contact with a patient or their 
environment is necessary to prevent an outbreak of 
infection; nonetheless, new cases of methicillin-
resistant Staphylococcus aureus continue to arise.6
The outbreak of infection caused by Pseudo-
monas respiratory colonization in immunocompro-
mised patients is a nosocomial acquisition, and 
probably occurs by transmission through contami-
nated nebulizer devices.7 The best approach to 
control P. aeruginosa ventilator-associated pneumo-
nia is to prevent the endogenous and exogenous 
transmission of P. aeruginosa in colonization of the 
lungs in mechanically ventilated patients.8
Although no definitive virulence factors are 
known, A. baumannii is relatively common in both 
hospitalized patients and the hospital environment.9 
Candida species are the fourth most common cause 
of nosocomial bloodstream infection and are involved 
in 8% of disseminated microbial infections.10 Thus, 
new modifications are required to reduce the number 
of microbes on surfaces in health care institutions 
and minimize the acquisition of infections.
Antibiotics are usually used to control infections; 
this occurs because of their bactericidal, bacterio-
static or mycostatic effects. However, many pan-drug 
resistant microbes have been observed.11−13 Noso-
comial infections in intensive care units have steadily 
increased over the past several decades. Health care 
is a challenge when endogenous flora are combined 
with reactivation of latent infectious agents and ex-
ogenous environmental microbes in outbreaks noso-
comial infections. Nosocomial infections are also 
frequently caused by transmission of pathogens in 
the health care environment from instruments or 
equipment, and by direct hand-to-hand contact of 
health care providers with patients. In intensive care 
units, mechanical ventilation is applied after placing 
a cuffed polymer endotracheal tube. This tube is 
a continuous source of microbial colonization of 
the lower respiratory tract, ultimately resulting in 
ventilator-related pneumonia. Treatment of infec-
tions associated with medical devices is often frus-
trated by the inability of antibiotics to penetrate 
biofilms and the increasing resistance of microbes to 
antibiotics. Fortunately, nosocomial infection control 
can be improved by inhibiting the growth of fungi, 
bacteria and viruses in the environment of health 
care systems.11,14,15 Microbial growth and biofilm 
formation are characterized by their colonized en-
vironmental conditions. Environmental factors in-
clude nutrient sources and local conditions such as 
pH, osmolarity, temperature, oxygen, hydrodynamic 
conditions, and surface properties. The surface of 
an object could affect planktonic organisms, and 
therefore, surface properties might be involved in 
antimicrobial mechanisms.3,16,17
Stainless steel can be found in health care in 
door handles, push plates and devices such as sur-
gical instruments.18−20 Sputtering hard smooth thin 
films onto stainless steel can change surface con-
ditions. Good adhesion between microbes and the 
host’s or material’s surface is the initial step in inoc-
ulation to induce nosocomial infection, and bacterial 
adhesion to solid surfaces depends on the interac-
tion between the adhesion quantity of bacteria and 
surface quality of the material.20−24 Surface modi-
fication using thin films onto 304 stainless steel 
door contactors might be an effective way to control 
infection.18−20,23,25,26
Thin film metallic glasses (TFMGs) can modify 
the surface of stainless steel. Metallic glass is a new 
category within metallic materials. There has been 
extensive research in metallic glasses over the past 
20 years. After a breakthrough in the early 1990s, 
many systems such as lanthanum-, magnesium- 
and zirconium (Zr)-based bulk metallic glasses 
(BMGs) were developed. In addition to the metal-
lic glasses in bulk form, metallic glasses have re-
cently been extended to the thin or thick film area; 
this is an attempt to find applications in micro-
electromechanical systems. For such applications, 
the amorphous alloys sometimes need to be fabri-
cated via sputtering or other thin film processes. 
The as-deposited TFMGs usually exhibit a uniform 
composition without microsegregation, thus avoid-
ing possible local crystallization during the fabri-
cation process.27 Zr61Al7.5Ni10Cu17.5Si4 (ZrAlNiCuSi) 
TFMGs can modify the surface of stainless steel.28
Zr-based BMGs are recognized as one of the 
most promising structural materials because of their 
high tensile strength, high elastic modulus, and high 
corrosion resistance. In addition, Zr-based BMGs 
possess a high glass-forming ability, relatively good 
thermal stability, an extremely wide supercooled 
liquid region (exceeding 100 K), homogeneous dis-
tribution of multiple elements, and ease of fabri-
cation.24,29−31 Zr-based TFMGs exhibit inherent 
optimum properties and can be applied to modify 
the surface condition of stainless steel.28 The direct 
current (DC) sputtering method is a simple method 
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of changing the surface condition of stainless steel, 
and is used to transform ZrAlNiCuSi BMGs into 
ZrAlNiCuSi TFMGs, which are coated onto the stain-
less steel substrate. Previous reports have tended 
to focus on Zr-based BMGs or TFMGs for manufactur-
ing or processing methods, or have examined the 
microstructure properties or mechanical properties 
of materials.4,27−33 However, there are few reports on 
biologic use with regard to microbes against other 
materials.17,18 The present study looks at microbe 
interactions with Zr-based TFMGs and the bare 304 
stainless steel substrate. We examined the surface 
antimicrobial properties of ZrAlNiCuSi TFMGs for 
E. coli, S. aureus, P. aeruginosa, A. baumannii and 
C. albicans.
Materials and Methods
Material preparation
The as-prepared ZrAlNiCuSi BMG was selected as 
the target material for the sputtering process. The 
ZrAlNiCuSi thin films were coated onto a 304 stain-
less steel substrate by means of a vacuum DC MDX 
1000 sputtering system (MeiVac Inc., San Jose, CA, 
USA). Sputtering involved firing ions toward a Zr-
AlNiCuSi BMG target to displace atoms, which were 
then deposited on a 304 stainless steel substrate to 
form a ZrAlNiCuSi thin film; a bare 304 stainless steel 
substrate was used as a comparison. The operating 
conditions of the DC sputtering system were set at 
a base pressure of 6 × 10−6 torr, a working pressure 
of 4 millitorr, argon (Ar) flow of 5.4 standard cm3, 
sputtering time of 30 minutes and varying sputtering 
powers of 15 W, 20 W, 25 W, 30 W, 35 W and 40 W. The 
composition distributions of the Zr-based thin films 
were analyzed by the HORIBA energy dispersive spec-
trum (HORIBA Instruments Inc., Ann Arbor, MI, USA). 
The alpha-step profilometer (Zygo Corp., Middle-
field, CT, USA) was conducted to measure the thick-
ness of the ZrAlNiCuSi thin films, which had been 
fabricated with different sputtering powers.
Microstructure evaluation
The microstructure of the ZrAlNiCuSi thin films was 
examined by glancing incidence X-ray diffraction 
(X’Pert Pro; PANalytical, The Netherlands) and by 
FEI Tecnai G2 T20 transmission electron microscopy 
(TEM) (FEI, Hillsboro, OR, USA) operated at 200 kV. 
The surface roughness was analyzed by a field emis-
sion scanning electron microscope (Hitachi S-4700; 
Hitachi, Tokyo, Japan) and atomic force micros-
copy (P7LS; NT-MDT Co., Moscow, Russia). At the 
same time, the water contact angle was examined 
by a contact angle meter (CAM 100; Creating Nano 
Technologies Inc., Tainan, Taiwan) for the substrate 
and ZrAlNiCuSi TFMGs.
Mechanical testing
The adhesion capability between the films and the 
304 stainless steel substrate was evaluated using a 
Teer ST 2330 scratch tester (Teer Coatings Ltd., 
Worcestershire, UK), under a maximum load of 3 kg. 
Nano-indentation was applied to measure the hard-
ness of the ZrAlNiCuSi TFMG produced at a sputtering 
power of 35 W.
Antimicrobial evaluation
The optimal microstructure condition of amorphous 
ZrAlNiCuSi TFMG at a sputtering power of 35 W was 
selected to investigate antimicrobial effects. E. coli 
(ATCC 25922), S. aureus (ATCC 25923), P. aeruginosa 
(ATCC 27853), A. baumannii (clinical isolate) and 
C. albicans (clinical isolate) were used to evaluate 
the bactericidal, bacteriostatic or mycostatic ef-
fect of ZrAlNiCuSi TFMGs and 304 stainless steel 
materials. A volume of 0.01 mL per drop (1.5 × 106 
colony-forming unit/mL) of the strains was tested 
on ZrAlNiCuSi TFMG. A 304 stainless steel plate was 
used as the control plate.
After microbe−material interactions for 3 hours 
on the aseptic bench at room temperature, the spec-
imens were attached onto Mueller-Hinton agar 
(Gibco, Middleton, WI, USA) and incubated individ-
ually at 37.0ºC for 24, 48 and 96 hours. The areas of 
microbe growth were recorded at each incubation 
period by using subtraction photography, and anti-
microbial effects were then assessed using Image-
Pro Plus software (Media Cybernetics, Bethesda, MD, 
USA). Some tissues obtained from the surface of 
each infected plate were transferred to blood agar 
plates and eosin-methylene blue agar for semi-
quantitative colony counts. The organisms were 
identified using standard biochemical reactions.
Results
Material composition
The composition of the as-sputtered ZrAlNiCuSi thin 
films was similar to the ZrAlNiCuSi BMG as shown 
by energy dispersive spectrum (Table 1). This non-
homogenous distribution was only found in the low 
sputtering power range of 15 W. The thickness of the 
ZrAlNiCuSi thin films was related to sputtering 
power and exhibited a reasonably linear relation-
ship (Figure 1). A 550-nm thickness of ZrAlNiCuSi thin 
film could be fabricated within 30 minutes at a 
sputtering power of 35 W.
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Table 1  Compositions of the target material and sput-
tered thin films analyzed by the energy disper-
sive spectrum method
 Composition (atomic %)
Power (W)
 Zr Al Ni Cu Si
15 44.97 7.68 27.63 15.88 3.84
20 56.27 6.86 16.68 17.85 2.34
25 56.89 7.58 14.77 17.66 3.10
30 58.24 6.77 14.56 18.35 2.07
35 57.37 6.88 14.79 18.19 2.76
40 56.14 7.37 15.08 18.61 2.80
Target 61.00 7.50 10.00 17.50 4.00
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Figure 1 Thickness () and average surface roughness 
() of the Zr61Al7.5Ni10Cu17.5Si4 thin films as a function of 
sputtering power.
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Figure 2 X-ray diffraction patterns of the Zr61Al7.5Ni10Cu17.5
Si4 thin films prepared by different sputtering powers.
Figure 3 Transmission electron microscopy bright-field 
image of the zirconium-based alloy thin film. The selected 
area diffraction pattern revealed atomic clusters with a 
nano-scaled amorphous microstructure of Zr61Al7.5Ni10
Cu17.5Si4 thin film metallic glasses.
the water contact angle on 304 stainless steel sub-
strates was 46.2º, and on ZrAlNiCuSi TFMG it dis-
played a near-perpendicular angle of 87.9º with 
hydrophobic properties (Figure 4).
Mechanical properties of the materials
Results of the scratch test showed that the adhe-
sion capability increased with sputtering power. 
A saturated value of 70 N occurred with ZrAlNiCuSi 
TFMGs that had been fabricated with a sputtering 
power of 35 W. In addition, the hardness of ZrAlNi-
CuSi TFMGs prepared at 35 W was 5.83 ± 0.41 GPa and 
6.01 ± 0.17 GPa under loads of 2500 μN and 3000 μN, 
respectively.
Microstructure observations
X-ray diffraction revealed a typical blunt, arc-shaped 
amorphous feature under less than a 30º X-ray in-
cident angle for all of the ZrAlNiCuSi thin films pro-
duced at different sputtering powers (Figure 2). 
Because these films were so thin especially those fab-
ricated by the low sputtering power, several sharp 
peaks at the plane indices (111), (200) and (220) 
caused by the crystalline structure of the 304 stain-
less steel (substrate) were observed in the X-ray 
diffraction pattern. A TEM bright-field image of the 
Zr-based TFMG revealed a typical amorphous micro-
structure with a halo ring in the selected area dif-
fraction pattern (Figure 3).
Surface physical properties
The surface roughness of the 304 stainless steel 
substrate was 7.50 nm by atomic force microscopy. 
There was a trend for a decrease in surface rough-
ness with increasing sputtering power (Figure 1). 
An average surface roughness of approximately 1 nm 
was obtained for ZrAlNiCuSi TFMGs prepared with 
a sputtering power of more than 25 W. Additionally, 
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Antimicrobial effects
Figure 5 shows the antibacterial activity of 
ZrAlNiCuSi TFMG on E. coli for 96 hours. S. aureus, 
P. aeruginosa, A. baumannii and C. albicans on 
ZrAlNiCuSi TFMGs exhibited a decreased growth 
curve with a bacteriostatic or mycostatic effect 
for 24 hours. ZrAlNiCuSi TFMGs prolonged the lag 
phase with bacteriostatic or mycostatic effects on 
S. aureus and C. albicans for 48 hours. P. aerugi-
nosa on ZrAlNiCuSi TFMG showed a slow increase 
in growth with greater inhibition effects for a pe-
riod of between 24 hours and 96 hours compared 
with the 304 stainless steel substrate. Moreover, 
A. baumannii on Zr-based TFMG demonstrated a 
rapid increase in growth in the following 24 hours 
(Figures 6 and 7).
The growth areas of the microbes were assessed 
at different times of 0, 24, 48 and 96 hours and were 
subjected to dividing by the testing sample area 
to generate a ratio as multiple dots. The semi-
quantitative colony counts were constructed as a 
curve with multiple dots for each microbe’s interac-
tion with one material sample. A concave growth 
curve in culture initially showed a decrease, but then 
an increase in slope occurred. E. coli on ZrAlNiCuSi 
TFMG exhibited a sustained decrease in growth with 
better activity after 96 hours of incubation (Figure 7).
Discussion
The relative optimum film deposition rate of DC 
sputtering depends on the sputtering potential and 
A B
Figure 4 Water contact angle on Zr61Al7.5Ni10Cu17.5Si4 thin film metallic glasses shows a perpendicular angle of (A) 
87.9º with hydrophobic properties and (B) 46.2º on a 304 stainless steel substrate.
A B C
ED
Figure 5 Bacterial incubation test for Zr61Al7.5Ni10
Cu17.5Si4 thin film metallic glasses (left side) and 
304 stainless steel (right side) using Escherichia 
coli on Mueller-Hinton plates for (A) 24 hours, (B) 
48 hours, and (C) 96 hours. Microbes were identi-
fied using blood agar plate (right) and eosin-
methylene blue agar (left) media for 24 hours of 
incubation by streaking tissue from the surface of 
(D) 304 stainless steel and (E) Zr61Al7.5Ni10Cu17.5Si4 
thin film metallic glasses.
Antimicrobial effects of Zr-based TFMG 17
a 304 stainless steel substrate to achieve a hard-
ness ≥ 5.50 GPa of ZrAlNiCuSi TFMG is an accepta-
ble processing route to modify the surface of the 
substrate.
The growth curve in a microbial culture is de-
termined by graphing the number for each sample 
in sequence for the whole incubation period with a 
lag phase, exponential growth phase, stationary 
phase and death phase.1 In our study, besides having 
different lag periods varying from one bacterial pop-
ulation to another, five different microbes were 
sampled 0.01 mL per drop on ZrAlNiCuSi TFMGs and 
internal control stainless steel materials. Although 
the physical−chemical characteristics of stainless 
steel materials and Zr-based TFMGs were different, 
both materials exhibited some antimicrobial effects 
in the decreased phase of the growth curve in the 
first 24 hours for the five microbes. Some microbes 
also had an exponential increase under such condi-
tions (Figure 7). We observed that the growth curve 
was persistently decreased for 96 hours in E. coli on 
Zr-based TFMG as shown by the microbe to sample 
area ratio. Therefore, ZrAlNiCuSi TFMGs can increase 
the antimicrobial properties of stainless steel sur-
faces for at least 24 hours.
A
B
C
D
Figure 6 Serial photography at 24 hours, 48 hours and 
96 hours for Zr61Al7.5Ni10Cu17.5Si4 thin film metallic 
glasses (left) and 304 stainless steel (right) using (A) 
Staphylococcus aureus, (B) Pseudomonas aeruginosa, 
(C) Acinetobacter baumannii and (D) Candida albicans, 
using the Mueller-Hinton plate incubation test.
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Figure 7 Microbes to sample area ratio shown as a 
function of incubation time for different microbes grow-
ing on Mueller-Hinton agar plates. Escherichia coli ( ); 
Staphylococcus aureus (); Pseudomonas aeruginosa 
(); Acinetobacter baumannii ( ); Candida albicans 
(). A dashed line indicates Zr61Al7.5Ni10Cu17.5Si4 thin film 
metallic glasses and a solid line indicates 304 stainless 
steel substrate.
current variables. In general, the deposition rate is 
proportional to the power consumed or to the square 
of the current density, and it is inversely depend-
ent on the electrode spacing.34 The optimal power 
of DC sputtering for transforming Zr-based BMGs 
into TFMGs on substrates is in the range of 35−40 W. 
This may be attributable to a decrease of thermal 
conductivity due to the increase in deposition 
thickness at higher sputtering powers of ≥ 45W. 
However, a lower power of ≤ 25W is recommended 
so that a bare surface or uneven thickness of depo-
sition can remain.30,32
In our study, X-ray diffraction and TEM exami-
nation showed that ZrAlNiCuSi thin films were fab-
ricated at a sputtering power of 35 W, and were 
confirmed to have a fully amorphous structure from 
macroscopic as well as microscopic views. The sur-
face of ZrAlNiCuSi TFMGs can be constructed into 
an extremely smooth profile, approximately 1 nm 
in roughness, without any grain boundaries or pre-
ferred orientation of grain growth because of the 
amorphous structure. Moreover, the flat surface was 
also thought to contribute to improvement of its 
hydrophobic ability.
Donohue et al35 proposed that a 50 N load of 
scratch adhesion between many thin films on steel is 
a critical value for commercial use. A saturated value 
of a 70 N load of scratch adhesion for ZrAlNiCuSi 
TFMGs onto steel fabricated at a sputtering power 
of 35 W exceeds commercial requirements, and is, 
therefore, comparable with the scratch adhesion 
capability of commercial hard coatings. More over, 
Attar36 suggested that a 4.50 GPa hardness of ceramic 
thin film on steel is the average optimal value for 
commercial coatings. Therefore, sputtering onto 
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The interaction between planktonic microor-
ganisms and a material’s surface might be a key 
mechanism for antimicrobial effects. There are 
many antimicrobial mechanisms including material 
chemical ionization, crystallization with a redox re-
action, material surface roughness, and amorphous 
covalent bonding.3,16,17,37−39 Surface roughness, 
particularly the nano-scale surface topographic 
features, is the most important characteristic of a 
physical−chemical surface to determine the distri-
bution of microbes.33,38,40−43 Many bacteria cause dis-
ease because of acquired virulence factors in cluding 
fimbriae, capsular polysaccharides, and high sur-
face hydrophobicity of certain strains. Uropathogenic 
E. coli harbors diverse adhesins and curling fibers 
that contribute to the pathogenicity in the urinary 
tract or in other tissues.9
In our study, we found that an average surface 
roughness of approximately 1 nm on ZrAlNiCuSi TFMGs 
was different from the surface roughness of the 304 
stainless steel substrate (7.50 nm). Additionally, 
ZrAlNiCuSi TFMGs obtained a near-perpendicular 
contact angle of 87.9º with hydrophobic proper-
ties. ZrAlNiCuSi TFMGs have the exceptional ability 
to change the environmental surface and decrease 
the adherent characteristics of microbes, and ulti-
mately reduce the number of stains involved in 
infections.
Covalently bonded ZrAlNiCuSi TFMGs have an 
atomic-scaled cluster, and a very smooth surface in 
which microorganisms harboring flagellum, fimbriae 
or hyphae in a planktonic or sessile environment do 
not readily adhere to the host body. Previous reports 
have shown antimicrobial effects of materials with 
metallic ions kill bacteria by destroying cell walls 
and membranes.22,23,44,45 However, a high concen-
tration of metallic ions has toxic activity on bio-
logic tissues. Therefore, it is suggested that surface 
roughness may play a major role modifying antimi-
crobial effects in ZrAlNiCuSi TFMGs, but the ioniza-
tion of chemical chromium or nickel is widely used 
in stainless steel substrates.46−49
Although amorphous thin films such as poly-
mers, synthetics, traditional glass or nano-carbon 
are commonly applied on the coatings of hospital 
equipment and fittings used to alter the adhesive 
capability of microbes,11,16,17,21,39,41,42,50,51 these 
coating materials are too soft or brittle to effec-
tively adhere to the substrate. Therefore, the 
higher hardness and better scratch adhesion capa-
bilities of ZrAlNiCuSi TFMGs will make it the first 
choice for hospital medical equipment and fittings 
in the future.
Based on our findings for ZrAlNiCuSi TFMGs pre-
pared by DC sputtering at different powers, the 
conclusions of this study are listed as follows. 
A 550-nm thickness of ZrAlNiCuSi TFMGs can be 
fabricated within 30 minutes at a sputtering power 
of 35 W. ZrAlNiCuSi TFMGs prepared at a sputtering 
power of more than 25 W present an extremely 
smooth morphology with an average surface rough-
ness of approximately 1 nm. The hardness (≥ 5.50 GPa) 
and adhesion (70 N load) of the substrate of ZrAl-
NiCuSi TFMGs produced at a sputtering power of 
30 W or 35 W was comparable to commercial ceramic 
hard coatings. In addition, this amorphous thin film 
had better hydrophobic properties than the stain-
less steel substrate. Moreover, as a result of the ex-
tremely smooth surface profile and homogenous 
composition distribution of ZrAlNiCuSi TFMGs, these 
amorphous thin films exhibited an antimicrobial ef-
fect on different microbes including E. coli, S. aureus, 
P. aeruginosa, A. baumannii and C. albicans for at 
least 24 hours. Therefore, treatment with ZrAlNiCuSi 
TFMGs by DC sputtering onto a 304 stainless steel 
substrate is an easy and effective process for re-
ducing microbe activity.
In summary, ZrAlNiCuSi TFMGs coating hospital 
equipment and fittings showed antimicrobial ef-
fects and reduced colonization and biofilm forma-
tion on surfaces. These effects were maintained for 
at least 24 hours. Therefore, the use of ZrAlNiCuSi 
TFMGs for antimicrobial coating of hospital equip-
ment and fittings is beneficial. Further studies are 
now required to determine the mechanism of these 
antimicrobial effects.
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